Quantifying and partitioning evapotranspiration (ET) into evaporation and transpiration is challenging but important for interpreting vegetation effects on the water balance. We applied a model based on the theory of maximum entropy production to estimate ET for shrubs for the first time in a low-energy humid headwater catchment in the Scottish Highlands. In total, 53% of rainfall over the growing season was returned to the atmosphere through ET (59 ± 2% as transpiration), with 22% of rainfall ascribed to interception loss and understory ET. The remainder of rainfall percolated below the rooting zone. The maximum entropy production model showed good capability for total ET estimation, in addition to providing a first approximation for distinguishing evaporation and transpiration in such ecosystems. This study shows that this simple and low-cost approach has potential for local to regional ET estimation with availability of high-resolution hydroclimatic data. Limitations of the approach are also discussed.
estimates for large spatial areas, but usually are not able to provide ET at high spatio-temporal resolutions due to low satellite orbiting frequency and high cloud cover (Shwetha & Kumar, 2015) in some high latitude regions. Hydrological models can help understand interlinkages between different water balance components, although such models usually require large input datasets (Chen et al., 2007) to calibrate parameters (often unidentifiable) commonly against streamflow (van Huijgevoort, Tetzlaff, Sutanudjaja, & Soulsby, 2016) . ET parameterization in such models is either overly simple (e.g., van Huijgevoort et al., 2016) or extremely complex (e.g., Noilhan & Planton, 1989) .
Recently, a novel and simple approach for ET estimation was proposed based on the theory of maximum entropy production (MEP), and tested over dry land surfaces (Wang & Bras, 2009 .
The model only requires net radiation (Rn), temperature, and specific humidity measured at soil and canopy surfaces for E and T estimation, respectively. The model differs to conventional bulk transfer approaches in several ways (Bras, 2015) : water and energy fluxes are estimated without using temperature and humidity gradients; wind speed and surface roughness are not needed to parameterize turbulent transport; and surface energy balance is always and automatically conserved. Notably, previous application of the MEP model was focused on either bare soil for evaporation or full vegetation cover for transpiration. Although total ET estimation using the MEP model over vegetated surfaces can substantially reduce measurement efforts, the approach has not yet been fully tested.
Here, we focus on a humid, low-energy heather (Calluna vulgaris and Erica tetralix) shrub ecosystems in NE Scotland . Heather moorland is the third most extensive land cover in the UK (Stewart, Hewitt, & Bunce, 2008) , and the characteristics of its growth, development, and ecology have been well documented (Gimingham, 1960; MacDonald, Kirkpatrick, Hester, & Sydes, 1995) .
However, the potential effects of the complex nature of heather canopy on water and energy exchange with atmosphere are not well investigated, and studies on water use and interception in heatherdominated areas are limited to several in the British uplands around 1980s and 1990s (Calder, 1986; Calder, Hall, Harding, & Wright, 1984; Dunn & Mackay, 1995; Haria & Price, 2000; Miranda, Jarvis, & Grace, 1984; Wallace, Roberts, & Roberts, 1982) . Although annual ET is usually modest compared to other water budget components in the Scottish Highlands , its quantification is crucial for assessing the role of land use in water fluxes and stores (Calder, 1986; Ladekarl, Rasmussen, Christensen, Jensen, & Hansen, 2005) .
Therefore, in this study we applied the MEP model to test its capability for providing total ET estimation and partitioning in such an ecosystem.
Subsequently, we quantified the water budgets to enhance our understanding of the vegetation effects on water partitioning in terms of T, E, and deep percolation. We also discussed the strengths and weaknesses of the approach in this environmental setting.
| DATA AND METHODS

| Study site and measurements
The Bruntland Burn (57.04°N, 3.13°W; Figure 1 ) in the Scottish Highlands represents a low-energy, high-humidity headwater catchment FIGURE 1 (a) Location of the Bruntland Burn catchment on the map of Scotland; (b) aerial photo of the catchment showing three major vegetation types in green (scots pine), dark brown (heather), and light brown (grass), and locations of three weather stations, heather plot in this study, and stream gauge at the outlet; (c) heather plot with iButton sensors hanging right above canopies; (d) heather canopies in December 2016; and (e) Moss cover under heather at soil surface in northerly latitudes at the temperate/boreal transition Tetzlaff, Birkel, Dick, Geris, & Soulsby, 2014) . The catchment has an elevation of 250-500 m.a.s.l, with gentle slopes across most areas and only steep slopes in the upper areas. Annual precipitation is over 1,000 mm of which only <5% is snow. There are no distinct dry and wet seasons because precipitation is fairly evenly distributed throughout the year, with a monthly average of 74 ± 15 mm and a median of 68 mm over the last three decades. Annual mean air temperature (Ta) is~6°C and relative humidity (RH) is~80%. Annual mean runoff at the outlet is 700 mm . 
| Methods
The MEP model formulates the entropy production function to include the latent heat flux term. Maximization of the function under the constraint of energy conservation leads to a unique partition of Rn into latent, sensible, and ground heat fluxes for different surfaces (Wang & Bras, 2009 . In this study, we adapted the model for T estimation in equations 1-3:
where k u is for unit conversion, equals to 3.6 × 10 Rnc was not directly measured but estimated based on Beer's law:
), where Rn is measured at the weather station.
Beer's law has been commonly used for solar radiation allocation for canopy and soil (e.g., Ritchie, 1972; Wang et al., 2014) . It has been found that the Rn intercepted by canopy can also be calculated using the Beer's law (Ross, 1981; Shuttleworth & Wallace, 1985; , because Rn during daylight hours is primarily determined by the solar radiation, and net longwave radiation is dependent on surface air temperature difference that is small in the catchment. Leaf area index (LAI) measured using a plant canopy analyser LAI-2200C
(LI-COR Environmental, USA) was 3.0 that is unrealistically high, because the optical sensor placed at the bottom of heather plants viewed not only the small leaves but also the well-developed stems and highly layered branches from bottom to top (Figure 1d ,e). We therefore adopted the value of 1.7 from Calder et al. (1984) derived for a similar environment. Average LAI extracted from Moderate Resolution Imaging Spectroradiometer products (500 m, 8-day) in 2015 was 1.9 (Myneni & Park, 2015) comparable to the value used. κ is the light extinction coefficient prescribed as 0.56, the average value for global shrublands (Zhang, Hu, Fan, Zhou, & Tang, 2014) . LAI and κ are influenced by canopy structure, leaf angle, and solar angle (De Costa, Dennett, Biomass, & Index, 1992) . A sensitivity analysis is given in Figure S1 , which shows that variations in T and T/ET ratio were sensitive to κ·LAI (e.g., an increase in κ·LAI by 10% will cause a 0.04 mm/d increase in T and 3.5% increase in T/ET ratio, respectively). However, heather is a slow growing evergreen species (Gimingham, 1960) , and once mature, its canopy structure changes little. The setting of a constant LAI and κ for a 12 months period was therefore deemed reasonable for this site.
To estimate the total ET over the vegetated surface with the MEP model, we used Ta, RH, and Rn, G measured at a nearby weather station #1 (Figure 1 ). Comparisons of vapour pressure deficit at three weather stations in the catchment across a range of elevations (250-360 m.a.s.l; Figure S2 ) confirmed that there is a vapour equilibrium from the weather station #1 to an altitude~100 m above.
This indicates that the humid air is usually sufficiently mixed by winds from above the heather canopies to higher levels, ensuring the ET based on measurements at the weather station representative in the area. E was calculated as the difference between ET and T. Note that this E is theoretically likely composed of soil evaporation (Es), moss transpiration (T m ), and interception loss (Ei).
To test the ET estimates from the MEP model, results were compared to those derived from more commonly used approaches.
We used the FAO crop coefficient (Kc) method that has been used for ET estimation for various vegetation communities (Cammalleri, Ciraolo, Minacapilli, & Rallo, 2013; Rosa, Ramos, & Pereira, 2016) . Lastly, the water balance between observed rainfall and the MEP-estimated ET was calculated, to understand the role of heather in water partitioning in terms of transpiration and rainfall interception, and potential recharge to subsurface water storage.
3 | RESULTS
| Daily dynamics of hydroclimatic variables
The two periods shared similar characteristics of temperature and humidity. Monitoring in 2015 (TP15, 93 days) coincided with cooling down from midsummer to autumn with a mean daily Ta of 10.1 ± 2.9°C (mean ± standard deviation), whilst TP16 (106 days)
was the spring warm up with a mean Ta of 10.6 ± 3.6°C (Figure 2a) . 
| ET and its partitioning
Estimated ET and its components (Figure 3a ,b) exhibited similar dynamics, and were generally higher in TP16 (spring/summer) than TP15 (summer/autumn). Variation of ET were consistent with radiation and pET in Figure 2 . In total, estimated heather T (143.1 mm) was about 1.4 times higher than E (101.5 mm). The T/ET ratio during the entire study period varied from 0.55 to 0.66, with the average of 0.59 ± 0.02 and median of 0.59, consistent in TP15 and TP16. T/ET ratio was generally high on rainy days when E was low and then became smaller on days after rain when the proportion of Ei increased.
The bands in Figure 3b demonstrate the upper and lower bounds for E and T based on standard deviation of daily Tc and RH. E increased on days shortly after rain, and then decreased towards zero when rainfree days were long enough. The T/ET ratio is also affected by the LAI and light extinction coefficient к ( Figure S1 ). The sensitivity analysis 3.3 | Water partitioning in the low-energy, shrub-dominated humid catchment A summary of rainfall, ET and its components, and potential percolation for the two study periods is given in Table 1 . Based on the observations and the MEP modelling results, there was a total of 459.4 mm rainfall over the two periods, and 53.3% was returned to the atmosphere through ET. It is worth mentioning that E in this case comprised Es, T m, and Ei. Es and T m can be very small because of low light penetration to the soil surface caused by the heather structure. Therefore, majority of the 22.1% of rainfall is most likely attributable to Ei from both heather leaves and stems. Summer surface runoff at the site does not occur due to flat terrain, low intensity of rainfall, and high infiltration capacity, consequently 46.7% of rainfall percolated to the underlying soil/groundwater. Previous studies using the MEP model (Wang & Bras, 2011) focused on E and T estimations from bare soil and full vegetation surfaces at the plot scale. In this study, the agreement of ET from different methods suggests that the MEP model also has potential for estimating total ET over extensive homogenous vegetated surfaces. It is notable that the comparison in Figure 3c indicates that the default PriestleyTaylor coefficient α = 1.26 was too high for our site; α is usually smaller in humid areas (Weiß & Menzel, 2008) . To accommodate the actual ET estimation using the crop coefficient method, α = 1.05 would be more realistic for our site (with a linear regression slope of 0.99 and R 2 = 0.98), which is consistent with other work in upland areas dominated by shrubs (Engstrom, Hope, Stow, Vourlitis, & Oechel, 2002) .
To ensure the meteorological measurements at the weather station capture the total ET fluxes at this specific site, a vapour equilibrium from above the canopy to the level where Ta, RH, and Rn were measured is required. This is similar to the practical setup of an eddy covariance tower (Baldocchi et al., 2001) to account for the contribution of soil and vegetation to the total ET flux within a suitable footprint. By comparing the vapour pressure deficit at three weather stations ( Figure S2 ) located at different elevations in the catchment, we can confirm this equilibrium in our humid environment, at least from the weather station #1 to nearly 100 m higher. In this sense, this study potentially extends the application of the MEP model from a plot scale assessment of E and T from bare soils and vegetation canopies to ET estimation over a spatially extensive vegetated surface. One such integrated set of meteorological measurements at an appropriate height can be more cost-effective compared to concurrent measurements at both the soil and canopy surfaces. With the increasing availability of high-resolution assimilation data of Ta, q and Rn, G (Liston & Elder, 2006) , and remote sensing techniques for partitioning land surface temperature into soil surface temperature and canopy surface temperature , this may provide a step towards a feasible and efficient tool to map local to regional ET over more heterogeneous surfaces.
| ET partitioning and canopy water balance
Despite the promising potential of the MEP model for total ET estimation, there are two major limitations in this study. Firstly, the difficulty of dividing E into specific components including Ei, Es, and T m . Considering the high fractional vegetation cover, the dense closed heather canopy, and the high stem and branch density (MacDonald et al., 1995) that effectively attenuate light penetration, Es and T m were expected to be small. From the perspective of energy balance, under-canopy available energy was 38.6% of the total based on the Beer's law. Most of this radiation is intercepted by the layered stems and branches, and partly used to evaporate intercepted water when present; the rest was sensible heat to warm up the air. A very recent soil water isotope analysis shows that Es was <5% of net precipitation (Sprenger, Tetzlaff, & Soulsby, 2017) , equivalent to 3% of gross rain.
Therefore, majority of E (22.1% of rainfall) over the entire study period would have been Ei, which is lower than the average estimate (28% of rainfall) for a catchment mixed with trees and shrubs near the Scotland-England border (Robinson, Moore, Nlsbet, & Blackle, 1998) .
Secondly, there is a difficulty in completely distinguishing canopy evaporation from transpiration under wet conditions, because the iButton sensed Ta and RH will likely include the influence of both T and Ei. The rainy day time (7:00-19:00) represented only 6.8% of the total day time (based on 15-min measurements). However, during such times, the site received >63% of the total rainfall. Apart from stemflow, the rest of interception would have been on the leaves and stems. The water on leaves evaporates first in a short time after rains when there is available energy, followed by transpiration. This is believed to be the main period when the effects of evaporation and transpiration on iButton sensed Tc and RH coexist. Storage on stem surfaces will evaporate with energy available below the canopy, but this process should not affect the measurements too much because of the sensors'
positions. This part of Ei would have been the main source of E in addition to Es and T m on rain-free days. Direct throughfall measurements in June-September 2015 indicated about 38% of rain intercepted though stemflow was not measured (Braun et al., 2016) .
The estimated Ei was 20.8% of rainfall when both Es and T m are assumed as 3% in the similar period. The difference could be explained by stemflow along the heather (17.2%) that is higher than some desert shrubs (~9%; Li et al., 2016) , but within the range for European shrubs (Llorens & Domingo, 2007) .
Over the entire study period, the residual rainfall (46.7%) after
ET loss percolated into the deeper soils, because surface runoff is negligible at the study plot due to the flat terrain and permeable podzolic soils (Tetzlaff et al., 2007) . Based on previous studies using geophysical surveys ) and a tracer-aided model (Birkel, Soulsby, & Tetzlaff, 2011) , most of the excess rainfall beyond ET becomes storage in soils; then may later recharge groundwater (Tetzlaff et al., 2007) , and contribute to downslope riparian zones and streams through subsurface lateral flow (Blumstock, Tetzlaff, Dick, Nuetzmann, & Soulsby, 2016) . The MEP-derived water balance highlights the qualitative and quantitative effects of vegetation on water partitioning and storage in heather dominated areas such as the study site. This provides a benchmark for assessing the effects of land use change from management effects or projected future warmer conditions with dry summers and wet winters.
| CONCLUSIONS
This study applied the MEP based ET model for the first time in a humid, low-energy headwater catchment. The model generally gave plausible estimates of total ET and a first approximation of transpiration. The most encouraging finding of this study is that it shows the potential of the MEP model for assessing evaporation and transpiration under relatively uniform vegetation canopies, rather than the sharply contrasting (i.e., bare soil/vegetated conditions in previous applications). In the absence of measurements below the canopy, it is difficult to precisely partition the evaporation into canopy evaporation and understory ET, although in this study, the latter is likely very small.
Mixing of canopy evaporation and transpiration on wet days is also hard to separate with the measuring techniques in this study, although again in this case, the effects are likely small and short in time. In total, over the study period, more than half of rainfall was returned to the atmosphere by ET, and the remaining percolated to recharge soil and groundwater. Around one third of rainfall was lost through heather transpiration and 22% as Ei and understory ET. Heather shrublands, with extensive spatial coverage play a crucial role in water flow and storage in Northern upland. Understanding this role may assist land and water management in the future.
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